A new class of amphiphilic triazolyl peptides was designed and synthesized from peptide-based building blocks containing alkyne and azide functional groups namely linear (W(pG))3, cyclic[W(pG)]3, and Ac-K(N3)R-NH2, where W, R, K, and pG represent tryptophan, arginine, lysine, and propargylglycine residues, respectively. The linear (W(pG))3 and cyclic [W(pG)]3 peptides containing alkyne residues were conjugated with Ac-K(N3)R-NH2 functionalized with azide group through click chemistry in the presence of CuSO4.5H2O, Cu (powder), sodium ascorbate, and N,N-disopropylethylamine in methanol:water to afford amphiphilic triazolyl linear-linear (WG(triazole-KR-NH2))3 and cyclic-linear [WG(triazole-KR-NH2)]3 peptides, respectively. The secondary structures of both peptides were similar to a distorted α-helix as shown by CD spectroscopy. TEM imaging showed that linear-linear (WG(triazole-KR-NH2))3 and cyclic-linear [WG(triazole-KR-NH2)]3 peptides formed nano-sized structures in the size range of 50-100 nm and 50-80 nm, respectively.
INTRODUCTION
Design and synthesis of well-defined materials in nano-sized structures have turned into an important field in biomaterials science and biomedicine [1, 2] . Different intra and intermolecular forces, such as electrostatic interaction, hydrogen bonding, hydrophobic forces, and aromatic stacking contribute to the formation of organized structures [3] [4] [5] .
Peptides have become a subject of major interest because of their unparalleled potential applications as nanomaterials, surfactants, and drug delivery systems [6] [7] [8] . Linear and cyclic peptides containing appropriate amino acids have been shown to undergo self-assembly and generate nanostructures [9] . The generation of self-assembled peptides and nanostructures occurs through various types of interactions between functional groups of amino acid residues, such as electrostatic, hydrophobic, and hydrogen bonding. Appropriate design and functionalization of peptides are critical for generating nanostructures.
Peptides are divided into two major groups namely linear and cyclic. Linear peptides adopt higher flexibility in a solution compared to their cyclic counterparts. Moreover, peptide cyclization has been used as an effective strategy to decrease the conformational freedom of the peptides and to improve the stability against different proteolytic enzymes, such as trypsin, α-chymotrypsin, and dipeptidyl-peptidase IV [10] . It has been previously shown that linear peptides containing hydrophilic and hydrophobic amino acids could act as membrane protein stabilizers [11] . However, cyclic peptides containing hydrophilic and hydrophobic amino acids have shown greater potential as stabilizing agents due to their enhanced chemical and enzymatic stability [12] . The self-assembly of peptides has drawn significant attention because of their simple structures and their ability to incorporate multiple inter-and intramolecular forces [13] . Depending on the desired application, various properties including polarity, hydrophobicity, and charge in the structure of peptides can be manipulated by using different numbers of amino acids to find an optimized balance among different forces for self-assembly. Furthermore, the biocompatibility and low toxicity of peptides have made them attractive tools in biomedical investigations [14] . Thus, self-assembled peptide nanostructures have employed as biomaterials [15] , drug delivery systems [16] , protein stabilizers [17] , and antimicrobial agents [18] .
We have previously reported design and synthesis of linear and cyclic peptides containing different L-amino acids with hydrophobic (e.g., W, F, L) and charged residues (e.g., K, R, E) by using 9-fluorenylmethyloxycarbonyl (Fmoc)-based peptide chemistry. Among all the designed peptides, [WR]4 containing alternative tryptophan and arginine residues generated self-assembled nanostructures at room temperature after a specific incubation time 6 through hydrophobic force, hydrogen bonding, and/or the π-π stacking interactions between tryptophan residues. A combination of arginine and tryptophan in the structure of cyclic peptides was also found to be an optimal sequence for drug delivery applications [7, 8] . Moreover, the cyclic nature of peptides was critical in their biological activities. For example, cyclic peptides with arginine and tryptophan residues exhibited higher potency in kinase inhibition compared to their linear counterparts [19] .
Additional studies are required to investigate sequence effects on morphologies, and elucidate the fundamental physical interactions that drive their self-assembly in this class of peptides. In continuation of our efforts to explore amphiphilic peptides containing tryptophan and arginine residues as nanostructures, herein we report a novel class of amphiphilic triazolyl peptides containing tryptophan-based cyclic and linear peptides linked through triazole to positively charged linear peptides. Click chemistry was used to attach the cyclic and linear building block peptides containing alkyne with linear peptides functionalized with azide residues to generate cyclic-linear or linear-linear clicked products.
EXPERIMENTAL SECTION General
Reactions were carried out in Bio-Rad polypropylene columns by shaking and mixing in Glass-Col small tube rotator under dry conditions at room temperature. Peptides were synthesized by solid-phase synthesis using N- (9- . Fmoc deprotection at each step was carried out using piperidine in DMF (20% v/v). The crude peptides were purified by using a reversed-phase Hitachi HPLC (L-2455) on a Gemini C18 column (250 mm × 21.20 cm, 10 µm) and a gradient system. The peptides were separated by eluting the crude peptides at 10.0 mL/min using a gradient of 0-100% acetonitrile (0.1% trifluoroacetic acid (TFA)) and water (0.1% TFA) over 60 min, and then were lyophilized. The purity of final products (95%) was confirmed by analytical HPLC. The chemical structures of the building block peptides and final products were confirmed by high-resolution MALDI AXIMA performance TOF/TOF mass spectrometer (Shimadzu Biotech) or a high-resolution Biosystems QStar Elite time-of-flight electrospray mass spectrometer. v/v/v/v, 15 mL) was added to the resin, and the resin was agitated at room tempertuare for 2 h. The resin was collected by filtration and consequently washed with 2 mL of reagent R. The crude peptide was precipitated by adding peptide filterates to cold diethyl ether (200 mL, Et2O) and centrifuged at 4000 rpm for 5 min followed by decantation to obtain the solid precipitate. The solid material was further washed with cold ether (2 × 100 mL). The peptide was lyophilized and purified by reversed-phase Hitachi HPLC using a gradient system as described above to yield solid white coloured linear peptide (W(pG) . The resin was washed with DMF (3 × 15 mL) and DCM (3 × 15 mL) to remove any traces of piperdine. Side chain-protected peptides were cleaved from the resins by agitating the peptidyl resin with cleavage cocktail, acetic acid/ 2,2,2-trifluoroethanol (TFE)/dichloromethane (1:2:7, v/v/v, 50 mL) for 1 h at room temperature followed by filtration and washing the resin with TFE:DCM (2:8 v/v, 20 mL). The collected filterate was evaporated to reduce volume residue. Hexane (2 × 25 mL) and DCM (1 × 25 mL) were added to the residue to remove the acetic acid from the residue. The solvents were evaporated to yield a floopy white solid compound that was dried overnight. The cyclization of the protected crude solid peptide was carried out in the presence of a mixture of coupling reagents, 1-hydroxy-7-azabenzotriazole (HOAt) (162 mg, 0.4 mmol) and N,N-diisopropylcarbodiimide (DIC) (310 µL, 0.4 mmol) in anhydrous DMF:DCM (60/200 mL) for 24 h. The solvent was evaporated from a sample solution (5 mL) under reduced pressure, and the residue was cleaved with reagent R that confirmed the cyclization by mass spectrometry. Thus, all the solvents were removed under reduced pressure that generated a high viscous liquid. The final peptide cleavage to remove the side chain protection was carried out by shaking the residue with cleavage cocktail, reagent R, TFA/thioanisole/anisole/EDT (90:5:2:3 v/v/v/v, 15 mL) for 2 h at room tempertuare. The crude peptide was precipitated by the addition of cold diethyl ether (200 mL, Et2O) and centrifuged at 4000 rpm for 5 min followed by decantation to obtain the solid precipitate. The solid material was further washed with cold ether (2 × 100 mL). -K(N3)R-NH2) . The peptide was assembled on Rink amide resin (294 mg, 0.2 mmol, 0.68 mmol/g) by solid-phase peptide synthesis using Fmoc-protected amino acids, Fmoc-Arg(Pbf)-OH and Fmoc-Lys(N3)-OH. The Rink amide resin was swelled with DCM (50 mL, 10 min) and then DMF (50 mL, 2 × 10 min). The Fmoc group on the resin was deprotected by piperidine in DMF (20%, v/v, 25 mL, 2 × 10 min) follwed by washing with DMF (3 × 30mL). Fmoc-Arg (pbf)-OH (389 mg, 0.2 mmol/g) was then coupled to the peptidyl resin in the presence of coupling reagents HBTU (228 mg, 0.2 mmol/g) and DIPEA (210 µL) in N,N-dimethylformamide (DMF, 10 mL). The mixture was agitated at room tempertuare for 1 h. The resin was then washed with DMF (3 × 10 mL) for 5 min. The Fmoc group was deprotected using using piperidine in DMF (20% v/v, 25 mL, 2 × 10 min) followed by washing with DMF (3 × 20 mL). The Fmoc-Lys (N3)-OH (173 mg, 0.2 mmol) was coupled by using HBTU (228 mg, 0.2 mmol), DIPEA (210 µL) in DMF for 1 h. The resin was washed with DMF (3 × 20 mL), and Fmoc group was deprotected by using piperdine in DMF(20% v/v, 25 mL, 2 × 10 min). The resin was washed with DMF followed by capping the amino group by acetic anhdyride (AC2O, 95 µL, 1 mmol) and DIPEA (174 µL, 1 mmol) in anhdyrous DMF (3 mL) for 30 min. The resin was washed with DMF (3 × 30 mL), DCM (3 × 30 mL), and was dried in vaccum overnight before the final cleavage. A freshly prepared cleavage cocktail, TFA/triisopropylsilane/water (95:2.5:2.5 v/v/v, 10 mL) was added to the resin and shaken at room temperature for 1.5 h. The resin was filtered and evaporated to reduce the volume under dry nitrogen. The crude peptide was precipitated by adding cold diethyl ether (200 mL, Et2O) and centrifuged at 4000 rpm for 5 min followed by decantation to obtain the solid precipitate. The peptide was purified by reversed-phase Hitachi HPLC using a gradient system, and the HPLC fractions were collected, evaporated and lyophilized to obtain dry product. , and azide-functionalized peptide, Ac-K(N3)R-NH2 (10 mg, 0.026 mmol) in methanol:water (2:1, 5 mL) followed by addition of DIPEA (9 µL, 0.052 mmol). The mixture was stirred at room temperature for 24-48 h. The completion of the reaction was confirmed by MALDI mass spectroscopy. The reaction mixture was filtered, and the solvent was evaporated under reduced pressure to afford the crude product. The crude product was further purified by HPLC using a gradient system, and the HPLC fractions were collected, evaporated and lyophilized to obtain solid compounds. -KR-NH2) Circular Dichroism. CD spectra were recorded on a JASCO J-810 spectropolarimeter using 1 mm path length cuvettes. The scan speed was 100 nm/min, and spectra were averaged over 8 scans. All experiments on the samples including cyclic-linear [WG(triazole-KR-NH2)]3 and linear-linear (WG(triazole-KR-NH2))3 (1 mM, H2O) were tested at room temperature. The CD for background reference (water) was measured and subtracted from the sample.
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Transmission Electron Microscopy (TEM)
. TEM analyses were conducted in JEOL Transmission Electron Microscope (Tokyo, Japan) at an accelerating voltage 80 keV. The stock solution (1 mM) in deionized water incubated for 3 days was used for the sample preparation. TEM samples of cyclic-linear [WG(triazole-KR-NH2)]3 and linear-linear (WG(triazole-KR-NH2))3 were prepared by depositing a droplet of 5 μL of 1 mM solution in H2O on a carbon-coated Cu support grid of mesh size 300, which was allowed to rest for 2 min. After drop casting of peptide solution, the grids were then stained with uranyl acetate (20 mL) for 2 min. Excess stain was removed, and the grids were allowed to dry overnight.
Molecular Modeling.
Cyclic-linear [WG(triazole-KR-NH2)]3 monomer was built using GaussView software and completely optimized without any constraints utilizing Gaussian'03 software. Charge density was plotted and colored according to electrostatic potential.
RESULTS AND DISCUSSION
Click chemistry has been previously used to design diverse structures of peptide scaffolds. For instance, different derivatives of a triazole-containing kinase inhibitor cyclo-[Pro-Val-Pro-Tyr] peptide were synthesized through click chemistry [20] . Furthermore, triazoles were found to be appropriate substituent for the amide bond in peptides with a α-helical structure [21] . Horne et al. designed a class of cyclic peptides containing 1,4-or 1,5-disubstituted 1,2,3-triazoles [22] that were found to be able to serve as surrogates for trans or cis amide bonds, respectively. Synthesis of amphiphilic peptides containing hydrophobic and positively charged residues by click chemistry remains unexplored. To the best of our knowledge, this is the first report of amphiphilic cyclic-linear and linear-linear peptides linked through a triazole spacer.
The synthesis of linear-linear (WG(triazole)-KR)3 and cyclic-linear [WG(triazole)-KR]3 peptides containing triazole rings were performed in two major steps by synthesizing the building blocks containing alkyne and azide residues. First, linear (W(pG))3 and cyclic [W(pG)]3 building block peptides (where (pG) = propargylglycine) containing alkyne residues were synthesized by Fmoc-based chemistry. Second, a building block containing azide residue, Ac-K(N3)R-NH2, was synthesized. Finally, the building blocks were conjugated with each other through click chemistry.
The linear peptide (W(pG))3 was assembled on Rink amide resin (0.4 mmol, 0.68 mmol/g) by solid-phase Fmoc/tBu peptide synthesis strategy using Fmoc-Trp(Boc)-OH and Fmoc-L-propargylglycine (Scheme 1). The peptide sequence was assembled on the resin followed by removing of the N-terminal Fmoc group to obtain the sequence NH2-(pG)W(Boc)(pG)W (Boc)(pG)W(Boc)-Rink amide resin. The linear peptide was obtained after cleavage of peptidyl resin using reagent R cleavage cocktail (trifluoroacetic acid (TFA)/thioanisole/ethanedithiol (EDT)/anisole (90:5:3:2, v/v/v/v)) by shaking the mixture at room temperature for 2 h, followed by precipitation with cold ether and centrifugation to afford solid crude linear (W(pG))3 peptide, which was further purified by using HPLC. Scheme 1. Synthesis of linear (W(pG))3 as the building block.
In contrast with the synthetic procedure for the linear peptide, cyclic peptide [W(pG)]3 was synthesized by using H-Trp(Boc)-2-chlorotrityl resin (0.4 mmol, 0.78 mmol/g,) (Scheme 2). The resin was swelled using DMF followed by coupling and deprotection cycles using appropriate amino acids and piperidine in DMF (20% v/v). The final N-terminal Fmoc group was removed to assemble the sequence on the peptidyl resin, NH2-(pG)W(Boc)(pG)W(Boc)(pG)W(Boc)-2-chlorotrityl resin. The side chain protected peptide was cleaved from the resin by agitating the resin with cleavage cocktail, acetic acid/2,2,2-trifluoroethanol (TFE)/dichloromethane (1:2:7, v/v/v) for 1 h at room temperature followed by filtration and evaporation of cocktail liquid to afford the crude side chain protected peptide. The peptide was dried overnight followed by N-to C-terminal cyclization by using coupling reagents, 1-hydroxy-7-azabenzotriazole (HOAt) and N,N′-diisopropylcarbodiimide (DIC) in DMF/DCM under diluted conditions for overnight. The progress of the reaction was monitored by using MALDI-TOF. The solvent was evaporated and Boc protecting groups were removed in the presence of reagent R cleavage cocktail for 2 h followed by precipitation and HPLC purification to afford the cyclic peptide. The synthesis of azide-functionalized positively charged peptide building block (Ac-K(N3)R-NH2) was performed on Rink amide resin (0.2 mmol, 0.68 mmol/g) using building blocks of Fmoc-protected amino acids including Fmoc-Arg(pbf)-OH and Fmoc-Lys(N3)-OH. The resin was swelled and deprotected to couple arginine followed by deprotection and coupling with Fmoc-Lys(N3)-OH. The Fmoc group was deprotected, and amino group was further capped using acetic anhydride in DMF. The peptide was cleaved from the resin using a cleavage cocktail containing TFA/TIS/H2O (95:2.5:2.5, v/v/v) and purified by HPLC to afford Ac-K(N3)R-NH2 (Scheme 3). The secondary structure of peptides is one of the responsible elements in the self-assembly pattern. Circular dichroism (CD) was employed to obtain insights about the secondary structure of both peptides. The secondary structures of the majority of peptides are divided into three major classic forms namely β-sheet, α-helix, and random coil. The β-sheet structures get stabilized through available hydrogen bonding between oligopeptide strands. However, intra-chain hydrogen bonds help the α-helix to form a stable coiled structure. The CD results showed that both peptides have a relatively similar structure. CD spectra of the cyclic-linear peptide (1 mM) solution in water at room temperature showed two minima peaks at 226 nm and 199 nm. The linear peptide exhibited a similar CD pattern to the cyclic one with two minima peaks at 226 nm and 202 nm ( Figure  2 ). However, a blue shift was found for the cyclic peptide compared to the linear one from 202 to 199 nm, suggesting that the secondary structure of the cyclic peptide is slightly different from the linear one. A distinct α-helix structure shows two minima peaks at 222 and 208 nm. Thus, the structures of these peptides did not follow a typical α-helical structure. Furthermore, the size and morphologies of peptide nanoparticles were monitored by using transmission electron microscopy (TEM). As it is shown in Figure 3 , the cyclic-linear [WG(triazole-KR-NH2)]3 formed spherical nanostructures in the size range of 50-80 nm. However, the linear-linear (WG(triazole-KR-NH2))3 exhibited an entirely different morphologies and size compared to that of the cyclic-linear one. The linear peptide showed nanosized network with the small particles as small as 5-10 nm. Small sized particles showed aggregation by forming larger particles in the size range 50-100 nm (Figure 4) . Although linear-linear and cyclic-linear peptides share the equal number of similar amino acids, they form different types of particles presumably because of the difference in the orientation of positively charged guanidine groups in arginine and hydrophobic tryptophan residues. 
CONCLUSION
In conclusion, a new class of amphiphilic triazolyl peptides containing arginine and tryptophan, linear-linear (WG(triazole-KR-NH2))3 and cyclic-linear [WG(triazole-KR-NH2)]3, was synthesized by using click chemistry. CD spectroscopy exhibited that the secondary structures of both peptides have a similar pattern. Cyclic-linear [WG(triazole-KR-NH2)]3 and linear-linear (WG(triazole-KR-NH2))3 showed nano-sized structures in a range size of 50-100 nm.
